ABSTRACT: Schottky barriers of the type Au/polypyrrole/Al (or In) were made in sandwich configuration. The conductivity of polypyrrole was tuned to be on the order of 10 Ϫ3 ohm Ϫ1 cm Ϫ1 by its electrodeposition from a novel ambient temperature ternary eutectic melt consisting of acetamide, urea, and ammonium nitrate. The rectification characteristics were obtained from the current-voltage and capacitance-voltage measurements at room temperature. The analysis of data using thermionic emission theory gave improved values for the junction parameters of ideality factor, reverse saturation current, rectification ratio, and barrier potential when compared to the previously reported values for this polymer. Between Al and In metals used for the junction formation, the diode formed with Al metal is found to show better performance. The energy gap and work function of polypyrrole were also estimated.
INTRODUCTION
During the last two decades, there has been considerable interest to replace conventional inorganic semiconductors with organic materials in electronic and optical devices. 1 Toward this goal, attempts have been made to use conducting organic-conjugated polymers as active materials in the fabrication of junction devices. 2, 3 Schottky barriers based on the junctions of a semiconducting polymer and a metal were investigated as photovoltaic energy converters. 4 In particular, electrical properties of heterojunctions and Schottky barriers devised with thin films of polyacetylene, polythiophene, polyparaphenylene, polyaniline, polypyrrole (PPy), and poly(N-methylpyrrole) were reported. [5] [6] [7] [8] [9] [10] Although most of these junctions showed rectifying behavior, the device parameters were far from ideal diode characteristics. The diode quality factor (or ideality factor n) was reported to vary from 2 to 11. However, the device performance can be improved largely by suitably designing the synthesis of the polymer film. Often, electrochemical method, LangmuirBlodgett technique, and vacuum deposition have been used to prepare thin polymer films for such applications. 11, 12 Also, the conductivity of the polymer is of major importance in constructing a Schottky barrier. A low doping of the polymer is associated with a low number of charge carriers, leading to an extended depletion layer in the junction. On the other hand, high-charge carrier densities in the polymer may give rise to a thin barrier with a high probability of tunneling through the barrier.
We report here the improved rectification characteristics of Schottky junctions between p-type (anion-doped) PPy and Al or In metals. The polymer is electrodeposited from an ambient temperature acetamide-urea-ammonium nitrate eutectic melt. Our earlier results have shown that PPy films prepared from this melt had a more facile oxidation and reduction than the one prepared in aqueous solutions. 13 Another advantage is that the conductivity of the film prepared from the melt is about 10 Ϫ3 ohm Ϫ1 cm Ϫ1 suitable for junction formation, whereas the value ranged between 10 and 100 ohm Ϫ1 cm Ϫ1 in the Schottky studies reported on PPy.
14, 15 The dark currentvoltage and capacitance-voltage data are analyzed by applying the thermionic emission theory.
EXPERIMENTAL
The solvent was a room temperature ternary melt and was prepared as follows. Fifteen grams of vacuum-dried acetamide (Merck, India) was melted at 85°C and 10 g of urea (SD fine) was added to it and stirred well. When the mixture became homogeneous, 8.3 g of ammonium nitrate (Merck) was added and stirred until the solution was clear. The mixture was cooled to room temperature and used as solvent for electrodeposition. The eutectic mixture was reported to have a density of 1.2 g/cm 3 and a melting point of 7.5°C. 16 Pyrrole was purified by vacuum distillation. PPy films with thickness of about 6.5 m were prepared by anodic oxidation (2 mA/cm 2 ) of 0.5M pyrrole from the ternary melt, purged of oxygen with a nitrogen flow prior to electropolymerization. The films were deposited on a gold-coated glass by using Ag, AgCl/Cl Ϫ (saturated in melt) reference electrode with a platinum foil counter electrode in a single-compartment cell (EG and G PAR, Model 263A Potentiostat/Galvanostat, New York). After polymerization was completed, the films were rinsed in acetonitrile-water mixture to get rid of the monomer and melt and then carefully dried and stored under vacuum. Depositions of Al and In metal contacts were done by vacuum evaporation. A point mask was used during vacuum deposition and the two metals were evaporated on each of approximately 0.2 cm 2 . Conductive silver paint was used to take contact leads in the sandwich configuration (Fig. 1) . The forward bias corresponds to a negative voltage at metals (front contact) with respect to polymer (back contact). Capacitance-Voltage (C-V) measurements were made using an impedance analyzer (EG and G PAR, Model 6310). The energy band gap was calculated from the absorbance data recorded by using a UV-visible spectrophotometer (Jasco Model 7800).
Theory
The presence of an optical absorption gap and finite conductivity justify the approximate applicability of band theory to polymeric semiconductors. 17 When a metal and a polymeric semiconductor (p-or n-type) are brought into contact, a readjustment of charge takes place to establish thermal equilibrium and a potential barrier occurs in the interfacial space charge region (Fig. 2) . Three types of junctions can possibly be formed: ohmic contact, which allows free flow of charges from the polymer to metal and vice versa; rectifying contact, which allows only unidirectional flow of charges; and blocking contact, allowing no injection or extraction of charges from the polymer. The potential barrier at the metal-semiconducting polymer contact is determined by the difference in their work functions. It has been established that the metals having a work function greater than that of the polymer make an ohmic contact and the metals with work function less than that of the polymer make an injecting or rectifying junction. 17 The dark current-voltage (J-V) characteristics of a photovoltaic junction device give information on the quality of the ohmic contact, the rectifying diode behavior, the barrier height, the shunt, and the series resistance that influences the efficiency of the cells. The J-V data can be analyzed by the Schottky relation for thermionic emission. The current density across the junction is given by the equation 
where e is the electronic charge, V is the applied voltage, n is the ideality factor, T is the absolute temperature, and k is the Boltzmann constant. The reverse saturation current, J 0 , is given by the equation:
where b is the barrier potential and A* is the Richardson constant (120 A/k cm 2 for a free electron).
The dark capacitance-voltage (C-V) measurements give information about the contact potential and the space charge layer width (or depletion width) of the junction, which play a crucial role in the photovoltaic devices. In the simple Schottky barrier theory, the capacitance (C) can be expressed by the following equation:
here A is the area of the metal contact, e is the electronic charge, ⑀ is the dielectric constant of the polymer, ⑀ 0 is the free-space permittivity, ϭ eN s (4) where is the electrical conductivity of the pdoped polymer, and
Although the thermionic emission theory is a good approximation and is generally applied to describe the conduction mechanism in the Schottky diode, we must remember that the determination of various diode parameters is based upon a number of assumptions. In practice, one or more of these assumptions may not be valid. One cannot rule out the participation of other conduction mechanisms such as diffusion, tunneling, PooleFrenkel emission, and space-charge limited current (SCLC) along with Schottky emission. 19 This is true with the amorphous polymers that are likely to have a distribution of impurity states throughout the forbidden energy band. 20 In addition to the impurity states, there will be surface trapping centers (surface states) at the metalpolymer interface. It becomes essential to distinguish the surface states from bulk states because space and energy distribution of the two states affect the electrical characteristics in different ways. Forrest et al. 21 presented a theory for charge transport in organic-on-inorganic semiconductor contact barrier diodes. Their theory predicts that low-voltage transport is limited by thermionic emission of carriers over the energy barrier at the organic-inorganic interface, whereas at high voltage, the current density is determined by space-charge effects. A careful analysis of the dark current-voltage characteristics will be often useful in understanding the role of the above processes in the observed behavior of junctions. 17, 18 For example, when SCLC is dominant, one expects linearity on a plot of log J versus log V with a slope of 2 (eq. 6). A plot of ln(J/V) versus V 1/2 should give a straight line in the case of the Poole-Frenkel emission (eq. 7). Moreover, the temperature dependence of the J-V responses can help to confirm the conduction mechanism:
where d is the thickness of the polymer coating and ␤ ϭ (e 3 /⑀⑀ 0 ) 1/2 . Figure 3 shows the absorbance spectrum of PPy coated on an optically transparent indium tin oxide (ITO) substrate. The substrate absorption, if any, was corrected by introducing an uncoated substrate of the same size as the reference. The absorption coefficient ␣ is estimated by using the relation:
RESULTS AND DISCUSSION
where a is the absorbance and d is the thickness of the polymer coating. The relationship between ␣ and the energy band gap is given by
where E g is the energy band gap and h is the radiation energy. A plot of (␣h) 2 versus h gives a straight line, whose intercept on the energy axis is the energy band gap. In the present work, the E g value is estimated to be 1.72 eV (inset in Fig. 3 ).
Typical dark J-V curves of PPy film with Al and In metals at room temperature are shown in Figure 4 . The characteristics are asymmetrical and show a strongly nonohmic, rectifying behavior. The rectification ratios at 1 V are 800 and 22 for the junctions with Al and In, respectively. At a forward bias voltage greater than 0.7 V (1.5 V for In), the current becomes linear, indicating that the device resistance is dominated by polymer bulk resistance.
The next parameters describing the Schottky barrier are the ideality factor (n) and the reverse saturation current (J 0 ). At a given temperature (25°C), the ideality factor can be obtained from the slope of the logarithmic plot of J versus V (Fig.  5) . Extrapolation of the linear plot to zero bias voltage yields J 0 . The n values are 1.2 and 2.1 and The C-V characteristics were recorded at various frequencies ranging between 100 Hz and 100 kHz. Representative plots of C Ϫ2 versus applied voltage are shown in Figures 6 and 7 . At frequencies lower than 1 kHz, the capacitance is found to be varying negligibly with the applied voltage. In conducting polymers, the measured capacitance will contain contributions from the trap (localized states) filling and emptying process at the depletion layer edge and from any steady-state charge exchange that occurred at traps deep inside the space charge region. Hence, it is necessary to use the lowest possible frequency for the capacitancevoltage measurements because all localized states must respond to the change in the contact potential to be extracted from these C-V curves. 5, 23 The carrier concentration (N s ) values (Table I) reported by various authors for the PPybased Schottky junctions were calculated in the frequency range between 50 Hz and 10 kHz. In the present study, we observe that consistent values for N s (10 18 for Al and 10 19 for In contact barriers) could be obtained from the C-V data measured in the frequency range between 4 and 40 kHz. The linearity of C Ϫ2 -V plots in this frequency range excludes the possibility of the presence of interface states. 24 The dielectric constant (⑀) of PPy for the calculation of N s was taken to be 13.6. 25 The contact potentials are 0.91 and 0.87 V for the junctions with Al and In, respectively. The work function of PPy can be obtained using the equation 17 : sp ϭ qV c ϩ m (10) where sp and m are the work functions of the semiconducting PPy and metal, respectively. Substituting the values of the work functions of the metals ( Al , 4.25 eV and In , 4.12 eV), the PPy work function is deduced to be 5.1 eV, which is Several studies were reported in literature on the PPy-based Schottky devices. Initial studies have been made by growing PPy films on substrates of single crystals of n-type silicon, n-cadmium sulfide, and n-titanium dioxide, and also amorphous hydrogenated silicon. 27, 28 The junctions behaved as Schottky barriers on all of these semiconductors and the major objective of that work was the evaluation of the work function of the polymer. It was deduced that the work function of PPy must be close to 5 eV. Two types of geometrically different devices, a planar and a sandwich-type, have been studied. 29 The planar type device showed better rectifying characteristics than the sandwich type. 4 Ϫ , and PF 6 Ϫ dopants, in dry air, a symmetric nonohmic J-V characteristic led to a tunneling current. However, in humid air, these dopants showed a rectifying property. With Fe(CN) 6 3Ϫ dopant, a rectifying behavior was obtained in both dry and humid atmosphere.
Metal/PPy junctions have been prepared with electrochemically doped polymer films of different thicknesses. Various metals such as In, Sn, Ti, and Al were used for junction formation. 26 The J-V curves showed nonsymmetric behavior for all the cases, although increasing the polymer thickness from 3 to 14 m lowered the current and the breakdown voltage drastically. A Schottky device consisting of the electrochemically prepared copolymer with pyrrole and N-methylpyrrole units was constructed with indium metal counter electrode. 25 This device had the diode quality factor of 1.2, which was claimed to be one of the excellent Schottky diodes using organic semiconductors. On the basis of the temperature dependence of the J-V characteristics, the authors suggested a tunneling mechanism. 31 Junction properties of composite films such as PPy-poly(ethylene terepthalate) and PPy-poly(ethylene oxide) were reported. 32, 33 PPy was also used to construct metal-insulator-semiconductor (MIS) 34 and metalinsulator-metal (MIM) 35 devices and the junction parameters have been estimated.
In Table I , the junction parameters reported by various authors for the PPy-based Schottky devices are compiled along with the results obtained in the present work. It is noted that only four studies have reported an ideality factor close to unity. However, only in one report by Koezuka and Etoh on the PPY-PNMPy copolymer-based Schotty diode, a complete estimation of all the diode parameters was made. 25 However, in that study, the copolymer needed a heat treatment at 80°C for 8 h in air. This was necessary to stabilize the electrical characteristics of the device before the deposition of a blocking electrode. Further, in that device, the current was controlled by Schottky-type barrier only for the low-current region, whereas a space-charge injection was operative beyond the flat band state. These authors have confirmed the presence of a thin oxide layer on the polymer surface from their impedance studies. In another report which has quoted an ideality factor of 1.3 for the poly(N-methyl pyrrole)-based diode, 31 a tunneling mechanism was proven from temperature studies. A comparison of the reported values for the various parameters with the present data indicates superiority of the present method used for the polymer film formation from the organic melt for the diode construction. Further analysis of the J-V data (Fig. 8) confirm the Schottky emission as the dominant conduction mechanism. 
CONCLUSION
We have shown that Schottky diodes fabricated with the semiconducting PPy prepared from the room-temperature acetamide-urea-ammonium nitrate eutectic melt resulted in improved junction parameters. In particular, the diode formed with Al metal showed better values for the ideality factor, rectification ratio, and breakdown voltage. It is interesting that the J-V curves of this device when recorded even after a lapse of 3 months showed very little difference from its first set of data, indicating good stability. Further experiments are necessary to study the effects of temperature and illumination for improvement of device performance.
